The effects of the vacuolating toxin (VacA) released by pathogenic strains of Helicobacter pylori on several polarized epithelial monolayers were investigated. Trans-epithelial electric resistance (TER) of monolayers formed by canine kidney MDCK I, human gut T84, and murine mammary gland epH4, was lowered by acid-activated VacA. Independent of the cell type and of the starting TER value, VacA reduced it to a minimal value of 1,000-1,300 ⍀ ϫ 
Introduction
There is a strong correlation between protracted stomach infection by the gram negative bacterium Helicobacter pylori and the pathogenesis of gastritis and gastroduodenal ulcer (1-3). More recently, H. pylori has been associated to an increased risk of developing gastric adenocarcinoma and MALT lymphomas (3, 4) . H. pylori strains isolated from patients suffering of severe gastritis and gastroduodenal ulcers almost invariably express a cytotoxin (VacA) 1 and a toxin-associated antigen (CagA) (5) marker of a 40-kb pathogenicity island (6) . CagA is the major antigen in H. pylori seropositive patients (7) , and it is related to the induction of IL-8 in vivo (8) . Cultured cells exposed to purified VacA develop membrane bound vacuoles, which originate in the perinuclear area, grow in number and size, and occupy the entire cytoplasm (9, 10) . Such vacuoles are endowed with the vacuolar proton pump (V-ATPase), sensitive to bafilomycin A1 (11) (12) (13) (14) , and are highly enriched in both the small GTP-binding protein rab7 (15) and the lysosomal membrane protein lgp120 (16) . Both V-ATPase and rab7 function are required for vacuole formation and enlargement (17) . Before any macroscopic vacuolation is apparent, VacA inhibits endolysosomal proteolysis, antigen processing, and intracellular targeting and retention of lysosomal hydrolases precursors, by partial neutralization of acidic intracellular compartments (18, 19) . Based on these findings, vacuoles were proposed to originate from a specific alteration of late endosomal/prelysosomal compartments.
VacA is synthesized as a 140-kD precursor, is processed after export from the outer membrane into a mature 95-kD protein, and is released in the medium where it assembles into high molecular weight oligomers (20) . VacA shows the remarkable property of being strongly activated by, and of being resistant to, pH values as low as 1.5 (21) . Acid-activated VacA has a different structure from the nonacid exposed toxin (21, 22) . Yet uncharacterized H. pylori protease(s) cleaves VacA within a repeated segment and generates a C-terminal fragment of 58 kD (p58) and a N-terminal fragment of 37 kD (p37) (23) . This hints at the possibility that VacA belongs to the A-B type bacterial toxins acting on intracellular targets. In these toxins, the protomer B binds to a plasma membrane receptor and mediates the translocation of the catalytic protomer A subunit into the cytosol (24) .
Little is known about the effect of VacA on epithelial gastric cells in vivo, its role on the pathogenesis of gastroduodenal diseases, or on bacteria-host interactions. It is likely that VacA is released by infecting bacteria near the apical membrane of gastric epithelial cells. Therefore, polarized epithelial monolayers are more appropriate cellular systems to study its action than sparse nonpolarized cells. Moreover, such cellular system allows one to test the hypothesis that VacA contributes to H. pylori survival by inducing a flow of ions and nutrients from under the mucosa toward the stomach lumen, as a consequence of an alteration of the gastric epithelium integrity (2) . Several cell lines form stable monolayers characterized by two functionally distinct membrane domains, the apical and the ba-solateral one, and by specialized intercellular adhesion complexes (25) . Among them, tight junctions (TJs) are expected to play a major role as barriers to the flow of ions, metabolites, proteins, and pathogens between the upper and lower compartments (26, 27) .
Here, we report on the action of purified VacA on several epithelial cell monolayers characterized by different transepithelial electric resistance (TER) values (28-31). VacA lowers their transepithelial resistance, at the same time increasing their paracellular permeability to small organic molecules with a molecular weight Ͻ 350-450 and to ions, including Fe 3 ϩ and Ni 2 ϩ , which are essential for H. pylori growth. This effect was induced with no sign of acute cytotoxicity, intercellular junction disruption and intracellular vacuolation. Based on these data, we suggest that one role of VacA in vivo is to increase the supply of nutrients to H. pylori from the undermucosal compartment.
Methods
Reagents. VacA was purified from the CCUG 17874 H. pylori strain, as described (32) , and stored at 4 Њ C in PBS at the concentration of 0.1-0.2 mg/ml. When indicated, the toxin was pretreated for 5 min at 37 Њ C at pH values ranging from 6.0 to 2.0, obtained by addition of previously tested amounts of a 100-mM hydrochloride acid solution (21 ]-inulin (0.74Ci/ml) were from NEN (Bruxelles, Belgium). Bafilomycin A1 was a kind gift of Dr. K. Altendorf (University of Osnabruck, Osnabruck, Germany). Rabbit polyclonal antibodies to ZO-1 and occludin were from Zymed (S. San Francisco, CA). Mouse monoclonal antibody to E-cadherin was from Transduction Laboratories. Rabbit polyclonal antibody to cingulin was a kind gift of S. Citi (University of Padova, Padova, Italy). Ouabain, FITC and Rhodaminated antibodies to rabbit or mouse antibodies were from Sigma. FCS was from Bouty (West Grove, PA). All other reagents used were of the highest purity available.
Cells. MDCK I, T84, Caco-2, epH4, and HeLa cells were cultured at 37 Њ C on plastic flasks in DMEM, supplemented with 10% (vol/vol) FCS and gentamycine (50 g/ml) in a 5% CO 2 humidified atmosphere. To form monolayers, cells were suspended with trypsin-EDTA, and seeded on cellulose Transwell porous filters (pore diameter 0.4 m; Costar, Cambridge, MA), at the density of 0.6 ϫ 10 6 /cm 2 . The medium of the upper and lower filter chambers were changed every 24 h, and the formation of a stable monolayer was assessed by monitoring the TER.
Measurements of cell monolayers permeability. The TER was measured at 37 Њ C with a Millipore apparatus. In each filter, TER value was determined as the mean of three measurements performed at equivalent positions. After subtraction of the bare filter resistance, the TER value was multiplied for the filter surface and expressed as ⍀ ϫ cm 2 . When indicated, cells were pretreated for 30 min with 20 M bumetanide added to the lower filter chamber before VacA addition to the apical filter chamber. In some experiments, VacA effect was determined in 10 mM NaHepes, pH 7.4, containing 135 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , and 1 mM MgCl 2 or 10 mM NaHepes, pH 7.4, containing 135 mM Na-gluconate, 5 mM K-gluconate, 1 mM CaCl 2 , and 1 mM MgCl 2 . In some experiments, ]-inulin (20 Ci/ml), and horseradish peroxide (0.2 mg/ml) were added to the lower chamber medium. The radioactivity in the upper chamber was determined at time intervals either by liquid scintillation or by ␥ -counting, while horseradish peroxide activity was determined as described (33 I-epidermal growth factor (50 nM in DMEM, 0.3% [wt/vol] BSA) was added to HeLa cells or to the lower chamber medium of MDCK and T84 monolayers at 37 Њ C. After 15 min, cells were washed with and further incubated in DMEM, 0.3% (wt/vol) BSA at 37 Њ C. TCA soluble or nonsoluble radioactivity was determined in the extracellular medium (in both the upper and lower chamber media in the case of cell monolayers) in the following hour (18) . The rate of EGF degradation was expressed as percentage of the value obtained in control cells.
Immunofluorescence. MDCK monolayers grown on cellulose filters were washed with PBS plus 1 mM CaCl 2 and 1 mM MgCl 2 (37 Њ C) then fixed and permeabilized with methanol/acetone (50:50) for 5 min at Ϫ 20 Њ C. Filters were air dried, washed with TBST (Tris-Cl 100 mM, pH 8.0, NaCl 50 mM, containing 0.05% Tween 80), cut out with a scalpel blade, and incubated with primary antibodies to ZO-1, occludin, cingulin, or E-cadherin for 1 h. Filters were washed five times with TBST, 1% (wt/vol) BSA, for 5 min and incubated with FITC-or Rhodamine-conjugated antibody to anti-rabbit or mouse antibodies for 30 min. After five washes with TBST, 1% (wt/vol) BSA, filters were mounted in glycerol 90% (vol/vol) in PBS, containing 3% (wt/ vol) propylgallate, with the cell monolayer upside down and covered with a glass cover slip sustained at each corner by nail varnish spots. Fluorescent optical sections (0.5 m) of cell monolayers were determined with a Axiovert TV-100 fluorescence microscope, equipped with a CD camera. Single XY planes (parallels to the filter surface) and reconstructed XZ planes (orthogonal to the filter surface) were obtained and processed using the Metamorph deconvolution software (Universal Imaging Corporation, West Chester, PA).
Miscellaneous. Protein concentration assay and SDS-PAGE were carried out as described (34, 35) . For Western blot analysis, cells were dissolved in Laemmli sample buffer (60 mM Tris-acetate pH 6.8, 8% SDS, glycerol 10% [vol/vol], mercaptoethanol 5% [vol/vol]) and loaded on 10% polyacrylamide gels. Proteins were transferred to nitrocellulose, and antigens were detected with specific primary antibodies and with alkaline-phosphatase conjugated secondary antibodies. For toluidine blue staining cells, monolayers were incubated with 1% toluidine blue, 1% Na 2 B 4 O 7 for 1 h at room temperature, and then washed four times with PBS and four times with 70% (vol/vol) ethanol.
Results
Effect of VacA on transepithelial monolayer resistance. Within 7-14 d from seeding on filters, MDCK, T84, and epH4 cells formed monolayers with TER values ranging from 2,500 to 17,000 ⍀ ϫ cm 2 , depending of the particular cell line, whereas Caco-2 cells, in agreement with previous data, never reached TER values Ͼ 600-700 ⍀ ϫ cm 2 ( Fig. 1) . Acid-activated VacA added to the apical side of cell monolayers caused a decrease of TER much larger than that caused by non-acid-exposed toxin (Fig. 1) . In MDCK cells, TER dropped from 17,000-14,000 to 1,000-1,200 ⍀ ϫ cm 2 within Ͻ 1 h, while TER of T84 and epH4 monolayers decreased from 3,500-2,500 to 1,000-1,200 ⍀ ϫ cm 2 in 5-7 h. No effect of VacA was apparent on Caco-2 cell monolayers, whose initial resistance was always Ͻ 1,000 ⍀ ϫ cm 2 . TER values of 1,000-1,500 ⍀ ϫ cm 2 correspond to epithelial monolayers with assembled and functional TJs (36) . Hence, VacA does not cause a collapse of the cell monolayer, but rather a modulation of its permeability to ions. Regardless to the initial TER value and the cell type used, epithelial monolayers exposed to VacA always reached the same final TER value (1,000-1,200 ⍀ ϫ cm 2 ), which remained stable over time. Further additions of maximal dose of activated VacA (200 nM) failed to further decrease TER (not shown). Visual inspection of control and VacA treated monolayers stained with toluidine blue confirmed the apparent integrity of the cell monolayer (not shown). No effects were noticed when VacA was added to the lower filter compartment, facing the basolateral membrane. This is due in part to a lower accessibility of the basolateral membrane to the toxin determined by the physical barrier of the filter; after 24 h ‫ف‬ 10% of 125 I-VacA added in the lower chamber redistributed to the apical compartment in the absence of cells (not shown).
Dose response and pH dependence of the effect of VacA on the transepithelial resistance of cell monolayers. Fig. 2 A shows the dose-response effect of VacA on the TER of MDCK and T84 cells; the IC50 value is ‫ف‬ 5-20 nM VacA. Fig. 2 also reports the pH dependence of VacA activation with respect to its ability of lowering TER of MDCK and T84 monolayers (B). In both cases, the toxin not exposed to low pH had a lower activity, and the range of pH values effective for activation was closely similar to that found previously for the induction of vacuoles in HeLa cells (29) .
Effect of VacA on the permeability of epithelial cell monolayers to organic molecules with increasing molecular size.
The membrane impermeable sugar mannitol molecular weight (182) can be used to probe alterations of the paracellular route in polarized epithelia (37) . The kinetics and final extent of TER decrease was not significantly affected either by treatment with bumetanide, a specific inhibitor of the Na/K/2Cl cotransporter (37) , which allows the basolateral permeation of chloride and its subsequent secretion via apical membrane channels, or by replacing chloride for the membrane impermeant anion gluconate in the extracellular medium (Fig. 4, A and B) . These data exclude that VacA-induced increase of epithelial permeability to ions is due to the opening of anion specific channels in the apical cell membrane. To assess the equivalent pore size of the alteration induced by VacA in the paracellular pathway, we quantified and compared the increase of epithelial permeability to mannitol (molecular weight 182), sucrose (molecular weight 342.3), f-MLP (molecular weight 437.6), inulin (molecular weight 5,000), and HRP (molecular weight 47,000).
As shown in Fig. 4 C, increase of sucrose conductivity, induced by VacA, was sensibly smaller than that of mannitol, while transepithelial flux of f-MLP, inulin, and HRP was unaffected. Taken together, such results indicate that VacA facilitates the diffusion through the space between adjacent cells of molecules with molecular weight Ͻ 350-450. In fact, ZO-1 remains localized in the upper apical region of intercellular interfaces corresponding to TJs, while E-cadherin remains present in a basolateral region just below ZO-1, as expected for adherent junctions. XY planes (parallel to the epithelial plane) analysis showed no modification of the continuity and normal distribution of either ZO-1 or E-cadherin. A similar analysis conducted on other TJ-associated proteins occludin and cingulin failed to reveal any alteration (not shown). Thus, VacA-induced increase of the paracellular conductivity is not due to an alteration of intercellular adhesion complexes detectable by immunofluorescence. Accordingly, VacA did not modify either the electrophoretic mobility or the total amount of occludin, ZO-1 and E-cadherin (Fig. 7) .
VacA does not induce either intracellular vacuolation or a defect of EGF degradation in epithelial monolayers. The characteristic activity of VacA on cultured cells consists in the induction of intracellular vacuoles (10) . However, VacA induced negligible vacuolization in polarized MDCK cells, while, in the very same conditions, nonpolarized MDCK cells developed extensive vacuolar degeneration (Fig. 8) . In both MDCK and T84 cell monolayers, VacA induced only a minor increase of neutral red uptake (50%), independent of low pH activation (Fig. 8 D) . This value should be compared with the eight-to 3ϩ and Ni 2ϩ across epithelial cell monolayers. Fe 3ϩ is required for optimal microbial growth, whereas Ni 2ϩ is an essential component of H. pylori urease, an enzyme necessary for H. pylori colonization of the stomach (38, 39) . This enzyme hydrolyses urea with the production of ammonia, which buffers the acid environment around the bacteria and provides a nitrogen source (38) . . Again, the relative increase of ions permeability paralleled the increased diffusion of the paracellular tracer mannitol, indicating that intercellular junctions became leaky to these ions.
VacA induces fluxes of Fe
Effect of VacA on tight and adherent junctions. The results described above suggest that acid-activated VacA alters the permeability of epithelial cell monolayers via modification of transmembrane protein complexes that mediate cell-to-cell adhesion. ZO-1, occludin, and cingulin are well-characterized major components of the TJ, whereas E-cadherin is associated to the adherent junction (40) (41) (42) . Their distribution in control and toxin-treated cell monolayers was determined by indirect immunofluorescence analysis with specific antibodies in MDCK cells (Fig. 6) . High-resolution reconstruction of XZ planes (orthogonal to the epithelial plane) showed no difference in the spatial distribution of ZO-1 and E-cadherin upon tenfold increase in neutral red uptake by fully vacuolated nonpolarized MDCK and T84 cells and of HeLa cells. In these latter cell lines, the degradation of EGF is inhibited before vacuoles become apparent (18) . Hence, to assay for functional alterations of the endocytic pathway, EGF degradation in epithelial monolayers was determined.
125
I-EGF was added to the basolateral side of T84 and MDCK monolayers, previously exposed or nonexposed to VacA, and its intracellular degradation was monitored by following the appearance of TCA-soluble radioactive peptides in the upper and lower chambers. Cells exposed to activated VacA degrade 125 I-EGF only slightly less efficiently than control cells (Fig. 9) . Incidentally, we found that EGF derived TCA soluble 125 I-peptides, having a maximal molecular weight of 2,000-3,000, are not released into the upper filter chamber after VacA intoxication (not shown), consistent with the previous observation that the permeability to molecules with molecular weight Ͼ 350-450 is not increased by the toxin.
VacA-induced formation of intracellular vacuoles depends on the activity of the V-ATPase, and is counteracted by Na ϩ /K ϩ ATPase activity and therefore is prevented by bafilomycin A1 and enhanced by ouabain (11, 12). However, neither bafilomycin A1 nor ouabain affected the decrease of TER of MDCK cells monolayers induced by nonactivated or low pH activated VacA (not shown).
Discussion
The present work shows that H. pylori VacA toxin decreases the TER of epithelial cell monolayers and increases the monolayer permeability to mannitol and, to a lower extent, sucrose, suggesting a modification of the paracellular route. The resistance of this pathway, limited to the space comprised between adjacent epithelial cells, is likely to be regulated by TJs primarily, but also by the adherent junction protein E cadherin (40) (41) (42) . We provide multiple evidence that VacA increases the transepithelial diffusion of ions and small uncharged molecules via a selective modulation, rather than via disruption of intercellular junctions or cellular cytotoxicity subsequent to vacuolation: 1.) junctional disruption virtually abolishes TER, while VacA never lowers TER below the minimal value of 1,000- I-EGF degradation is slightly modified. Moreover, a TER decrease due to VacA increasing apical ion secretion can be excluded, because blocking chloride flow through the basolateral membrane, either by inhibiting the K/Na/2Cl cotransporter with bumetaninde or by substituting chloride for the membrane nonpermeable anion gluconate, had no effect.
Modulation of paracellular permeability without apparent loss of intercellular junction integrity is consistent with previous studies indicating that receptor ligands, protein kinases and secondary messengers can influence their functions (41) (42) (43) . Immunofluorescence with antibodies to phosphotyrosine revealed that VacA did not modify significantly the level and distribution of Tyr-phosphorylation of the proteins involved in the intercellular junctional complexes (not shown). A result that is relevant in defining the type of VacA-induced alteration described here is that only when cell monolayer TER values are Ͼ 1,000-1,300 ⍀ ϫ cm 2 can they be modified and lowered to the same final value, irrespective of the different cell lines tested here. This may indicate that the molecular lesion caused by the toxin is the same in different cell types and that the toxin acts on a cell mechanism implicated in the tight sealing of cell monolayers. Such a device may be absent in Caco-2 cells, characterized by TER values Ͻ 1,000 ⍀ ϫ cm 2 , and it may not have been properly assembled in T84 cells exposed to H. pylori in a recent study, where the starting TER value was 1,500 ⍀ ϫ cm 2 (44) . In this respect, the highly impermeable MDCK cells monolayers (12,000-17,000 ⍀ ϫ cm 2 ) appear to be the best cellular model to study VacA effects on epithelial permeability. Moreover, the present study provides an important contribution toward the development of in vitro systems capable of defining the biological activity of VacA without using animals. In fact, the measurement of TER of MDCK cell monolayers is quantitative, highly reproducible, and inexpensive and provides the possibility of measuring the kinetics of the toxin effect. The relevance of this canine cellular model to study VacA toxicity is further emphasized by the fact that H. pylori can infect dogs (45) , closely reproducing the typical symptoms and pathological changes observed in human gastritis (G. del Giudice, personal communication).
VacA is defined as a toxin causing cell vacuolation. However, no vacuoles were detected, and, more importantly, no functional defect of the endocytic pathway could be revealed in polarized epithelial monolayers. These observations pose the problem of the relationship between the well-established vacuolated phenotype and TER decrease. Although both cellular lesions depend on acid activation of VacA (21; this work), implicating the same acid structure of VacA (21, 22) , the two toxic effects differs pharmacologically, the former being sensitive while the latter is insensitive to bafilomycin A1 and ouabain treatment. Hence, either VacA acts on different cellular targets or it affects a single factor with pleiotropic effects on both the endocytic pathway and epithelial permeability. This latter possibility is supported by the fact that VacAinduced cell vacuolation is dependent on cell density and is hardly detectable in cells grown at confluence (our unpublished results).
VacA was recently shown to enter intracellular vesicular structures (46) and to be able to act from cytosol (47) . This suggests that the active domain of the toxin may gain access to the cell cytosol from intracellular compartments, after endocytosis, as A-B type protein toxins do. However, the lack of V-ATPase requirement for VacA-dependent TER decrease clearly indicates that such putative translocation into the target cell does not require endosomal acidification, as it is the case for A-B toxins like diphtheria and tetanus toxins (24) .
Activation of VacA can occur at pH 2.0, a value typical of the gastric juice, but it is also achieved at the milder pH values present below the mucus layer present on gastric cells (48) . This finding is particularly relevant with respect to the fact that VacA is presumably released above the apical domain of gastric epithelial cells, below the mucus layer. Although these data indicate that toxin activation does not require diffusion into the stomach lumen, activated VacA, which is resistant to very acidic pH values and to proteolysis by pepsin (47) , may survive for some time the harsh conditions of the stomach lumen and therefore act at a distance from the site of release.
A central issue in the study of the biological activity of natural toxins is the understanding of their adaptive role in the strategy of survival of toxin producing species. Because the reduced nutrient supply below the mucus layer, where H. pylori is mainly localized, may limit its growth in vivo, a moderate loosening of intercellular junctions, resulting in an increased diffusion of metabolites and required elements, is expected to provide a selective advantage to toxigenic strains. Indeed, Fe 3ϩ , a critical element for microbial growth, and whose availability is strictly kept under control by the host, flows faster through epithelial cells monolayers treated with VacA. VacA also promotes the diffusion of Ni 2ϩ , which is the urease active site metal ion (49). Urease is essential for H. pylori colonization of the stomach mucosa and a specific Ni 2ϩ -binding protein (39, 50) regulates the urease gene transcription. The paracellular transepithelial diffusion of potential metabolic substrates for H. pylori, such as glucose or amino acids, is similarly expected to be increased by VacA action, their size being comparable with that of mannitol. On the other hand, prevention of the diffusion of even slightly larger bacterial molecules, such as formylated peptides and larger molecules potentially able to recruit inflammatory cells, is maintained. Such selective action of VacA, without acute cytotoxic effects, is indeed peculiar and might have evolved to ensure maximal advantage for H. pylori infecting cells, with minimal inflammatory response, in keeping with the notion that escaping host defensive reactions is a main strategy of H. pylori (2) .
